A single-photon detection using a Si-based two-dimensional ͑2D͒ multiple-tunnel-junction field-effect transistor ͑FET͒ is reported. The single photon is detected as a random telegraph signal ͑RTS͒ in the single-holetunneling current regime. The frequency of RTS events depends on the light wavelength and intensity, indicating that the RTS occurs due to the single-photon absorption in the Si dots forming the 2D multijunctions. Based on a Monte Carlo simulation using an equivalent circuit representing the 2D multijunction FET, the "on" state of RTS appears when the photogenerated charge in the dot sensitively shifts the current level, while the on state returns to the "off" state when the charged dot is neutralized. The simulation result also shows that the RTS is triggered not only by the charging of a dot near the current percolation path, but also by the charging of a dot distances away from the path due to the nature of the multijunction system, i.e., the long screening length of the charge-induced potential. These results open up the development of single-photon devices with 2D multijunction systems.
I. INTRODUCTION
The detection of individual photons has attracted interest in the application to high sensitivity photodetectors as well as quantum cryptography. So far, photomultiplier tubes 1 and Si avalanche photodiodes 2, 3 are widely used to detect the single photon, while visible light photon counters, 4, 5 singleelectron transistors, 6, 7 and field-effect transistors ͑FET͒ containing quantum dots [8] [9] [10] [11] are attractive as alternative methods. Previously, Shields et al. 8 have reported the detection of the single photon using GaAs/ Al x Ga 1−x As FET, in which the channel of two-dimensional electron gas is gated by a layer of InAs quantum dots separated by a thin Al x Ga 1−x As barrier. In a very narrow channel, a single charge excited by the single-photon absorption and trapped in a dot sensitively alters the channel conductivity, leading to the single-photon detection. However, in this device, the active detection area is limited by the formation of the narrow channel, resulting in the narrow detection area ͑Ͻ1 m 2 ͒. Therefore, for most of the practical device applications such as the photoimaging device, 12 an alternative device having a wide active area for the photon detection is inevitably required.
One approach to obtain a relatively wide detection area is to use a single-electron-tunneling device with a twodimensional ͑2D͒ quantum dot array, such as 2D-dotschannel FET. This is because if each dot is connected to the gate via a sufficiently small capacitor, a current passing through the percolation path can be sensitively influenced by the change in the potential of the distant dots through multijunctions. 13, 14 In this paper, the carrier transport of 2D-Si-dots channel FET is shown to be modulated by the irradiation of photons.
The transport modulation appears as the random telegraph signal ͑RTS͒ in the single-hole-tunneling characteristics. The individual RTS step is attributed to the single-photon absorption in the Si dots. A Monte Carlo simulation using an equivalent circuit consisting of 7 ϫ 8 dots shows that, for a sufficiently large screening length, the RTS is triggered not only by the single-photon-induced charging of the dots near the current percolation path, but also by the charging of the dots far from the path. This indicates that the 2D dots array system is effective for the application to the single-photon detector. In Sec. II, we first describe the device fabrication. In Sec. III, we then show the effects of light irradiation on the electrical characteristics of the device. In Sec. IV, we present and discuss the simulation result, which qualitatively agrees with the experimental result.
II. DEVICE FABRICATION
The device used for the experiments is the 2D-Si-multidot FET fabricated on a silicon-on-insulator ͑SOI͒ substrate, 15, 16 as illustrated in Fig. 1͑a͒ . The channel widths and lengths are about 0.5 and 0.8 m, respectively. In the channel, the Si single-crystalline dots are connected to each other via an ultrathin ͑about 5 nm͒ Si layer, which works as a tunnel barrier due to the quantum size effect. The 2D multidots are formed by the nanometer-scale local oxidation of Si ͑nano-LOCOS͒ process, which has mainly two steps. 15, 17 First, the thin SOI surface was nitrided in a vacuum chamber to naturally form ultrasmall SiN islands. The initial thin SOI wafer is composed of a 18-nm-thick lightly doped p-type top Si ͑001͒ layer, a 90-nm-thick buried SiO 2 layer, and an n + -type Si͑001͒ substrate. Second, the surface was oxidized by a conventional furnace oxidation. Since the SiN islands work as the oxidation masks, Si multidots can be obtained below the SiN masks. From the atomic force microscope image, the lateral size, height, and density of the fabricated Si dots were found to be, on the average, 20 nm, 3 nm, and 2 ϫ 10 11 cm −2 , respectively, although the size and spacing of the dots were distributed due to the naturally formed SiN masks. Here, the dots height of 3 nm is measured from the surface of the Si layer connecting the dots, so that the height of the dots measured from Si/buried SiO 2 interface is about 8 nm.
In this work, the n + -Si substrate is intentionally used as the back gate and no top gate is prepared in order to avoid the light absorption. The channel-source and channel-drain contacts are the Al Schottky contacts. The thickness of the Al electrodes is about 500 nm, which is thick enough to prevent the light penetration through the Al film. It is noted that the carriers are injected vertically at first through the Schottky barrier from the Al electrode to the Si channel by the backgate-induced electric field, and then they are transported horizontally in the channel region by the source-drain voltage ͑V d ͒. Therefore, the light illumination effect should be absent at the Schottky contacts and present only in the multidot channel region. In addition, the carrier polarity can be selected by the polarity of the back-gate voltage ͑V bg ͒. For the positive V bg , the electrons are injected into the channel and the FET acts as a single-electron device, while, for the negative V bg , the holes are induced and the FET acts as a single-hole device. 15 The measurement temperature was 15 K. Figure 1͑b͒ shows the drain current ͑I d ͒ versus V bg characteristics for the holes with different V d in the dark condition. The current oscillations due to the Coulomb blockade ͑CB͒ effect are observed. As reported in our previous works, 15 the CB oscillations are ascribed to the formation of the 1D current percolation path, and a few dots having the highest resistance tunnel junctions in the path should dominate the carrier transport. A peculiar feature in the I d -V bg curves is a significant current noise as indicated by the dotted circle. In order to understand this feature, we observed the time dependence of I d for V bg = −23 V and V d = −30 mV in the dark condition, as shown in Fig. 1͑c͒ . The current noise is found to be a discrete current switching between almost three current levels, i.e., the "off" state in the stationary state of about −0.15 pA and the "on" state in the other levels. Such a noise is known as the RTS. It has been reported previously that the RTS in the 2D Si dots system can be attributed to the charging-discharging of the dots adjacent to the current path. the dots adjacent to the current path due to a single-chargetunneling from ͑to͒ the path to ͑from͒ the adjacent dots, 18 we believe that each current switching event under light illumination from the off state of RTS to the on state is due to the charging of individual dots in response to the trapping of a single photogenerated charge.
III. DEVICE CHARACTERISTICS
Next, the effect of photon absorption in the Si dots on the generation of RTS is investigated. Figure 3͑a͒ shows the time dependence of I d under light illumination for different . In this experiment, an incident photon flux is kept constant at 5.6ϫ 10 6 photons per second on the channel area ͑about 0.4 m 2 ͒. Taking into account that the number of the Si dots in the channel is about 20ϫ 25 dots, the incident photon flux directed to one dot is estimated to be 2200 photons per second. The N RTS as a function of is shown in Fig. 3͑b͒ . The N RTS increases with decreasing until of 500 nm and then saturates. This result indicates that N RTS depends on the optical absorption coefficient of Si since the absorption coefficient increases with decreasing . We can estimate roughly the number of the absorbed photons in one Si dot, N photon , using the following simple equation:
where h is the Planck constant, c is the speed of light in vacuum, R is the Fresnel reflectance of Si surface, ␣ is the absorption coefficient of the Si layer, and t dot is the height of the Si dot. However, because of the multilayered structure, we need to take into account the effect of multiple internal reflection. Figure 3͑c͒ shows N photon as a function of taking the multiple internal reflection into account. N photon is found to increase with decreasing , and this tendency qualitatively agrees with the behavior of N RTS in Fig. 3͑b͒ except for below 525 nm. This result indicates that RTS occurs due to the absorbed photons in the Si dots, although most of the incident photons pass through the dots because of the thin Si dots layer. Optimization of the device structure, such as introducing a multiple-absorption layer, is necessary to increase the photon absorption efficiency. The possible reason for the saturation of N RTS for the shorter is that two or more charged dots are simultaneously generated but the change in the current level is dominated by one of the charged dots. This mechanism will be discussed in Sec. IV. Next, we discuss the possible model for the generation of RTS. It is known that, in submicron channel Si metal-oxidesemiconductor field-effect transistors, the RTS occurs commonly due to the effect of interface states at Si/ SiO 2 . 20, 21 In the 2D Si dots system, the charging-discharging of the dots becomes more crucial for the RTS because the multiple dots work as the trap sites. 18 The generation of RTS in Fig. 3 is likely to originate from the charging of the dots due to the light illumination. Figure 4 plots the number of RTS events ͑N RTS ͒, that corresponds to the number of single-photon absorption events, as a function of the absorbed photons in one dot ͑N photon ͒ from the experimental data in Fig. 2͑b͒ . The data show that N RTS increases linearly with increasing N photon . Here, a relationship between N RTS and N photon can be written as N RTS = ␤N photon + ␥. The parameter ␤, the internal quantum efficiency, is 0.001, indicating that only a small fraction of absorbed photons trigger the RTS. Such photons initially generate the electron-hole pairs in the Si dots, leading to the charging of dots after the electron and hole are spatially separated by the electric field. As shown next by the simulation, if the photon is absorbed in the dot and its charging effect sensitively modulates the current, the on state of RTS can occur, while the off state will appear after the charged dot is neutralized.
On the other hand, most of the electron-hole pairs seem to immediately recombine in the same dot before both the carriers split, so that they do not induce the RTS. This problem will be solved by moderately increasing the applied gate voltage and the source-drain voltage to enhance the vertical and the horizontal electric field in the dot, as described in Sec. IV. It has been reported previously for the singleelectron transistor with single Si dot ͑Coulomb island͒ that, the recombination of the electron-hole pair in the Si dot is avoided when the electric field in the dot is increased, resulting in the splitting of the electron and hole inside the Si dot. 22 It should be noted from Fig. 4 that the extraporated intercept ␥ is larger than the experimental value of N RTS ͑N photon =0͒. Such a difference between the offset values may be caused by increasing the frequency of the charging and discharging events in the dots near the current path due to the photon-assisted tunneling.
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IV. A MONTE CARLO SIMULATION
As described above, the light illumination to the 2D Si dots FET leads to the generation of RTS in the current, indicating that the RTS is triggered by the single-photon absorption. In this section, we use an equivalent circuit consisting of 2D 7 ϫ 8 dots array in Fig. 5 , which represents the 2D multidot-channel FET, and we study the effect of light illumination on the current using a Monte Carlo simulation. Although the number of the dots used in this circuit is smaller than that of the actual dots in the channel ͑20ϫ 25 dots͒, the simulation result will be qualitatively the same. Each of the dots is connected to four neighboring dots in the vertical and horizontal directions through the small tunnel capacitance C with a tunnel resistance R T and to a gate voltage source V g through a gate capacitance C g representing the buried SiO 2 . The other capacitances between the distant dots are neglected. Since the size of the Si dots in the channel is distributed, the circuit parameters of C, C g , and R T are randomly varied. We set the values of C i , C gj , and R Ti ͑i =1 ϳ 111; j =1ϳ 56͒ in the ranges of 0.1 aFϳ 1 aF, 0.04 aF ϳ 1 aF, and 4 ϫ 10 6 ⍀ ϳ 8.9ϫ 10 14 ⍀; the average of 0.558 aF, 0.5582 aF, and 3.589ϫ 10 13 ⍀; the standard deviations of 0.2878 aF, 0.2886 aF, and 1.475ϫ 10 14 ⍀, respectively. All the tunnel resistances are larger than the quantum resistance R T ӷ R q = h / e 2 and justify the use of the so-called orthodox theory of single-electron tunneling.
In this simulation, the light illumination effect is assumed as the charging of the dots, which occurs when the generated electron-hole pair ͓Fig. 6͑a͔͒ is separated from each other by an electric field, as shown in Fig. 6͑b͒ . Here, each photon is absorbed one-by-one randomly with time and in random dot locations. This assumption is based on the fact that the metallic dot system is used in the simulation, so that the generation of electron-hole pairs in the same dot cannot be included. However, it is noted that the splitting of the electron and hole can occur for the semiconductor dot, such as the Si dot. 22 Next, we calculated the single-hole-tunneling characteristics of the circuit using a Monte Carlo method, ignoring cotunneling effects. The calculation is performed as follows. 24, 25 First, the difference in the electrostatic energy of all the junctions before and after a tunneling event is estimated. Second, we calculate the forward and reverse tunneling rate ⌫ ± at a junction using the following equation:
where e is an elemental charge, k B is the Boltzmann constant, T is the temperature, and ⌬E ± is the change in the total charging energy of the system due to the forward and reverse tunneling events. For simplicity, the temperature T is set to be 0 K, since even for finite temperature, the results are qualitatively the same for sufficiently small C and C g . Therefore, FIG. 5 . Equivalent circuit of the 2D tunnel junction array consisting of 7 ϫ 8 dots used in the simulation. Each dot is connected to the gate voltage ͑V g ͒ through a gate capacitance ͑C g ͒.
FIG. 6. ͑a͒
The photon induces the electron-hole pair in the Si dot; ͑b͒ the dot is charged after one type of the carriers leaves the other one due to an electric field.
indicating that the single-charge tunneling is allowed only when the charging energy in the whole system is lowered by the tunneling. Third, the tunnel interval u ± is calculated. Because ͑⌫ ± ͒ −1 is the average interval between successive tunneling events, we simulated the tunneling intervals u ± using a random number r͑0 Ͻ r Ͻ 1͒ by the following equation:
Here, the random number r is used to introduce the Stochastic nature of tunnel events in the Monte Carlo method. We calculate u ± values for all the tunnel junctions, and choose a tunneling event with the minimum u ± , which is regarded as the tunneling that actually takes place. Then, we repeat the same procedure starting at u ± . Figures 7͑a͒-7͑d͒ show the current percolation path in the dark condition at 0 K for V g = −15 V and various V d , i.e., ͑a͒ −70, ͑b͒ −80, ͑c͒ −90, and ͑d͒ −100 mV in the stationary state. In these figures, the current only flows through the shaded tunnel junctions. At V d = −70 mV ͓Fig. 7͑a͔͒, no current path is formed, indicating that the current is suppressed due to the Coulomb blockade effect. V d is then increased to V d = −80 mV, which is just above the threshold voltage. At this condition, nearly a single current path is formed, as shown in Fig. 7͑b͒ . Here, the single-hole-tunneling current flows from the source to the drain through the onedimensional dots array of the current path except for the area near the drain electrode. When V d is further increased to −90 and −100 mV, as shown in Figs. 7͑c͒ and 7͑d͒ , respectively, branches or new percolation paths are formed. The similar current path has been reported for the 2D array of small metallic dots with random offset charges on each dot, where the single current path with few or no branches is found at the voltage just above threshold. 27 Figure 8͑a͒ seconds, which is larger than the tunneling interval of SCT events ͑Ͻ1 nanosecond͒. The light illumination effect on the current is calculated using the absorbed photon flux of 125, 81, 42, 23, and 13 photons per second in one dot. These numbers of photons are equal to those for the experiments with the wavelengths of 450, 525, 600, 675, and 750 nm, respectively. As a result, the RTS pattern is clearly seen under the light illumination, while the RTS is absent in the dark condition. The number of RTS events ͑N RTS ͒ as a function of the light wavelength from the simulation result in Fig. 8͑a͒ is shown in Fig. 8͑b͒ . It is seen that N RTS increases with decreasing . These simulation results qualitatively reproduce the experimental results in Fig. 3 .
In order to understand the origin of RTS in Fig. 8͑b͒ , we discuss the relationship between the time of RTS events and that of the photon absorption in the dots. Figure 9 shows the typical RTS pattern for the wavelength = 525 nm, including the time of the photon absorption event on top. The dots, which cause the on state of RTS, are denoted by the dot number, as defined in Fig. 5 . It is found that the on state of RTS appears when the photons are absorbed in the dots with the dot sites of 1E, 2F, 3C, 4F, 6D, and 6E, while the RTS pattern is absent when the photons are absorbed in the other ones. Such active dots are not limited to the vicinity of the current path. In fact, distant dots such as 6D and 6E also generate the on state of RTS. It is also found that the residence time of the photoexcited charge in these dots is equal to the duration of the on state RTS. These results indicate that the absorbed photons in the dot induces the on state of RTS, while the off state appears when such a charged dot is neutralized. The neutralization of the charged dot occurs when the photocarrier leaves the dot, or when the other different types of carriers enter in the charged dot. However, it should be noted that, only the dots, having the larger than integration time, sensitively induce the RTS.
In addition, Fig. 9 also shows that two active dots, i.e., 4F and 6D, are present in the same time range of 10-14 ms. It can be seen that dot 4F readily becomes an active dot to cause the on state, while the effect of charging in dot 6D appears only after the dot 4F is neutralized. This indicates that the dot having the strongest charging effect dominantly induces the RTS if two or more active dots appear simultaneously. This may be the reason why the frequency of RTS in Fig. 3͑b͒ saturates with decreasing the light wavelength.
Next, three important factors, which play a key role in the generation of RTS, are discussed. The first one is the screening length in the multijunction system, which determines whether the distant dots sensitively induce the RTS or not. From Fig. 9 , the RTS is triggered not only by the charging of the dots adjacent to the current path, but also by that of the dots away from the path. The screening length ⌳ is proportional to ͑C / C g ͒ 1/2 , 13 where C / C g is a ratio of the tunnel capacitance C to the gate capacitance C g . It is found that the charging of the dots away from the current path sensitively induces the RTS when the value of ⌳ is large. For example, when we use the circuit with constant values of C and C g , which give for ⌳Ͼ7, the current path is sensitively influenced even by the charging of the dot, that is furthest away from the path. This indicates that the effect of charged dots on the generation of RTS should be stronger for smaller C g . This may be because the changes in the electric potential will be easily transmitted from the charged dot away from the path into the current path for small C g . Based on this analysis, in order to fabricate the wide detection area device using 2D dots array system, a small value of C g is required. In our device, C and C g are estimated to be about 0.2-0.5 aF and 0.5-1.1 aF, respectively, so that the ⌳ is estimated to be about 0.4-1.0. This value is smaller, compared with the estimated value above, suggesting that RTS in Figs. 2 and 3 is mainly attributed to the charging of the dots near the current path.
The second important factor for RTS is the residence time of the photoinduced charge in the dot. In order to observe the RTS pattern, is required to be larger than the integration time. According to Eq. ͑4͒, depends on the tunneling rate, which is expressed using the charging energy and the tunnel resistance ͑R T ͒ surrounding the dot ͓see Eq. ͑2͔͒. If the charging energy of the whole system is lowered by the trapping of one photocharge in the dot due to the absorption of the photon, the photocharge will be stable in the dot. Considering that the charging energy is inversely proportional to the capacitance, the long is obtained for the large dot capacitance C dot . Additionally, since is also proportional to R T , the long is obtained when the large R T surrounds the dot. It should be noted that, although both C dot and R T influence , C dot is more dominant than R T in the single-electrontunneling orthodox theory. 26 This is because the tunneling event depends on the change in the charging energy of the whole system ͓see Eq. ͑3͔͒.
The third one is the splitting of the photogenerated electron-hole pair. As mentioned in Sec. III, the charging of the dots, which is the origin of RTS, occurs if the photogenerated electron-hole pair is splitted. The splitting process can be enhanced by the combination of applying back-gate voltage and source-drain voltage, i.e., the electron-hole pair is splitt vertically in the dot at first by applying the back-gate voltage, preventing them from recombination, 22 and then they are separated from each other horizontally by the source-drain voltage.
Finally, it is obvious that the charging effect in the 2D dots array system due to the light illumination plays a key FIG. 9 . Typical RTS pattern for wavelength = 525 nm and the time of photon illumination. Numbers of 1E, 2F, 3C, 4F, 6D, and 6E, denote the dot numbers which induce the RTS. The dot number is defined in Fig. 5. role in the generation of RTS from the comparison between the experiment and simulation with the smaller-scale 2D circuit. However, there are differences in the detail of RTS patterns between the experiment and the simulation, such as the duration time of RTS and the fine structure of RTS. To explain quantitatively the RTS patterns in Figs. 2 and 3 , we have to extend the simulation using the circuit consisting of the dots array with the larger dot number and appropriate circuit parameters reflecting the fabricated device. Additionally, the simulation result also suggests that the 2D dots array system can be applied to the single-photon detector, where the channel area of 2D dots array can be significantly increased in the horizontal direction, while keeping the screening length sufficiently large. However, in order to increase the quantum efficiency in the vertical direction, optimization and reconstruction of the whole device structure such as introducing a multiple-absorption layer are required.
V. CONCLUSIONS
We have demonstrated the single-photon detection using 2D Si multidot channel FET. We found that the light illumination induces the generation of RTS, where the frequency of RTS events depends on the light wavelength and intensity.
This result indicates that RTS is triggered by the singlephoton absorption in the Si dots. A Monte Carlo simulation using an equivalent 2D circuit consisting of 7 ϫ 8 dots shows that the on state of RTS appears when the photon is absorbed in the dot and its charging effect influences the current, while the off state of RTS appears when the charged dot is neutralized. It is also found that, for sufficiently large screening lengths, RTS is triggered not only by the charging of the dots adjacent to the current percolation path, but also by the charging of the dots away from the path. These results provide a possibility of developing the single-photon detector using 2D dots system.
